In this study, a novel composite separator based on polytetrafluoroethylene (PTFE) coating layers and a commercial polyethylene (PE) separator is developed for high performance Li-ion batteries. This composite separator is prepared by immersing a PE separator directly into a commercial PTFE suspension to obtain a self-binding PTFE/PE/PTFE tri-layered structure. Then, the as-prepared composite separator is further treated with a H 2 O 2 /H 2 SO 4 solution to enhance its electrolyte affinity. The results show that the coating layer, consisting of close-packed PTFE particles, possesses a highly ordered nano-porous structure and an excellent electrolyte wettability property, which significantly enhance the ionic conductivity of the composite separator. Due to the presence of the PTFE-based coating layer, the composite separator exhibits better thermal stability compared with the PE separator, reaching the thermal-resistant grade of commercial ceramic-coated separators. By using different separators, CR2032-type unit half-cells composed of a Li anode and a LiFePO 4 cathode were assembled, and their C-rate and cycling performances were evaluated. The cell assembled with the composite separator was proven to have better C-rate capability and cycling capacity retention than the cell with the polyethylene separator. It is expected that the composite separator can be a potential candidate as a coating-type separator for high-performance rechargeable Li-ion batteries.
Introduction
Li-ion batteries have been widely used in power-source fields, such as electronic devices, power tools, and electric vehicles [1] . To meet the growing demand for high-rate and high-power batteries, many kinds of high-performance cathode and anode materials have been produced recently [2, 3] . Separators are highly important for the performance of electronic products, such as Li-ion batteries, supercapacitors, and so on [4] [5] [6] . However, separators, critical components of Li-ion batteries, are still being made of polyethylene (PE) or polypropylene (PP) with poor thermal stability and wettability, which raises serious concerns regarding the safety of Li-ion batteries in cases of unusual heat generation [7] .
In order to solve these severe shortcomings, our team has demonstrated a novel approach using nonwoven inorganic composite separators for Li-ion batteries [8, 9] . Additionally, other new separators have been explored, such as inorganic separators [10, 11] , polymer nano-fiber separators [12, 13] , and so on. Despite their good thermal stability and wettability, these new separators are still not used currently in large-scale commercial applications. Meanwhile, surface modification, particularly for surface coating, has been demonstrated commercially to be a handy and feasible method for improving 
Characterization of the Composite Separator
The surface morphology of the separators was examined using a scanning electron microscope (JEOL, JSM-6300, Akishima, Tokyo, Japan). The average pore size of the separators was evaluated using a mercury porosimeter (Micromeritics, Auto Pore IV9500, Norcross, GA, USA). The porosity of the coating layers was measured in accordance with the density method [23] , calculated by the following equation:
Where ρc is the PTFE density for a dense coating layer without pores (theoretical value 2.20 g•cm −3 ) and ρe is the experimental density of a porous coating layer, which is equal to the mass difference of the PE separator before and after the coating divided by the measured volume of the PTFE coating. The trPTFE-coating was investigated to further verify the structure variation via FT-IR (JASCO, FT-IR 4100, Hachioji, Tokyo, Japan). The spectra were recorded at room temperature in the wave number range from 3500 to 500 cm −1 . The electrolyte used in the work was 1 M LiPF6/EC + DEC (1/1, v/v). The electrolyte hydrophilicity of the separators was characterized by the contact angle measurement. The contact angle of the electrolyte on the separators was measured in air at room temperature using the sessile drop method with a contact angle meter (Chengde Jinhe Technic Apparatus Co. Ltd., JC2000C1, Chengde, China). The electrolyte uptake of the separators was calculated by the following equation:
Where Wo and W are the weights of the separator before and after soaking in the electrolyte. The ionic conductivity of the separators was measured with stainless steel (SS)/separators/SS blocking cell after being filled with the electrolyte by AC (alternating current) impedance measurement using an electrochemical workstation (Princeton Applied Research 273, Princeton, NJ, USA) at a frequency range from 100 kHz to 1 Hz with an amplitude of 10 mV. The electrochemical stability window of the separators was evaluated through linear sweep voltammeter (LSV) performed on a working electrode of SS and a counter and reference electrode of Li foil at a scan rate of 1.0 mV•s −1 , with the potential ranging from 3 to 6 V. The differential scanning calorimeter (NETZSCH, STA 449F3, Schwanstetten, Bavaria, Germany) was used to determine the melting temperature of the separators. The thermal shrinkage of the separators as a function of time was determined by measuring the dimensional change at 130 °C. Photographs were taken of the separators after they were exposed to different temperatures for 0.5 h, and the photographs were examined. A puncture penetration test and a tensile strength test of the separators were conducted according to the method in [24] to investigate the separator's resistance against the penetration of sharp objects such as Li dendrites.
To evaluate the effects of the PTFE coating on cell performances, CR2032-type unit half-cells were 
where ρ c is the PTFE density for a dense coating layer without pores (theoretical value 2.20 g·cm −3 ) and ρ e is the experimental density of a porous coating layer, which is equal to the mass difference of the PE separator before and after the coating divided by the measured volume of the PTFE coating. The trPTFE-coating was investigated to further verify the structure variation via FT-IR (JASCO, FT-IR 4100, Hachioji, Tokyo, Japan). The spectra were recorded at room temperature in the wave number range from 3500 to 500 cm −1 . The electrolyte used in the work was 1 M LiPF 6 /EC + DEC (1/1, v/v). The electrolyte hydrophilicity of the separators was characterized by the contact angle measurement. The contact angle of the electrolyte on the separators was measured in air at room temperature using the sessile drop method with a contact angle meter (Chengde Jinhe Technic Apparatus Co. Ltd., JC2000C1, Chengde, China). The electrolyte uptake of the separators was calculated by the following equation:
where W o and W are the weights of the separator before and after soaking in the electrolyte. The ionic conductivity of the separators was measured with stainless steel (SS)/separators/SS blocking cell after being filled with the electrolyte by AC (alternating current) impedance measurement using an electrochemical workstation (Princeton Applied Research 273, Princeton, NJ, USA) at a frequency range from 100 kHz to 1 Hz with an amplitude of 10 mV. The electrochemical stability window of the separators was evaluated through linear sweep voltammeter (LSV) performed on a working electrode of SS and a counter and reference electrode of Li foil at a scan rate of 1.0 mV·s −1 , with the potential ranging from 3 to 6 V. The differential scanning calorimeter (NETZSCH, STA 449F3, Schwanstetten, Bavaria, Germany) was used to determine the melting temperature of the separators. The thermal shrinkage of the separators as a function of time was determined by measuring the dimensional change at 130 • C. Photographs were taken of the separators after they were exposed to different temperatures for 0.5 h, and the photographs were examined. A puncture penetration test and a tensile strength test of the separators were conducted according to the method in [24] to investigate the separator's resistance against the penetration of sharp objects such as Li dendrites. To evaluate the effects of the PTFE coating on cell performances, CR2032-type unit half-cells were assembled by sandwiching a separator between a Li foil anode and a LiFePO 4 cathode and then activated with the electrolyte. All the assembly of the cells was carried out in an argon-filled glove box. The C-rate capability and cyclability of the cells were examined. The cells were cycled at several discharging rates varying from 0.5 C to 4 C (0.5 C, 1 C, 2 C, and 4 C) at a constant charging rate of 0.5 C under a voltage range from 2.5 to 4.2 V. The cells were cycled at a constant charge/discharge rate of 0.5 C/0.5 C for 100 cycles to evaluate the cycling performance.
Results and Discussion
SEM images of the composite separators were compared with those of a commercial PE separator. Currently, a PE separator with a microporous structure is widely used in the Li-ion battery field; however, the pore size and distribution are not uniform enough. As shown in Figure 2A , the pristine PE separator showed a typical arborization porous structure after undergoing a wet process. In contrast to the pristine PE separator, the composite separators ( Figure 2B ,C) exhibited unique coating layers composed of close-packed PTFE particles (about 150 nm in diameter), which contributed to a well-developed porous structure. Comparing Figure 2B with Figure 2C , there is almost no visible change before and after the milder chemical modification, which is consistent with a previous study [20] . This indicates that the treatment did not significantly affect the porous structure of the coating layer. In order to provide quantified datum, the porosity of the coating layers and average pore size of the separators were examined (Table 1) . Compared with the porosity of the PE separator, the porosity of the PTFE coating layers was observed to be about 65% due to the homogeneous alignment of the PTFE nanoparticles. The average pore size of the PTFE-coated separator was about 40 nm. The above results confirm that the PTFE coating layers allow for the development of a porous structure.
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SEM images of the composite separators were compared with those of a commercial PE separator. Currently, a PE separator with a microporous structure is widely used in the Li-ion battery field; however, the pore size and distribution are not uniform enough. As shown in Figure  2A , the pristine PE separator showed a typical arborization porous structure after undergoing a wet process. In contrast to the pristine PE separator, the composite separators ( Figure 2B ,C) exhibited unique coating layers composed of close-packed PTFE particles (about 150 nm in diameter), which contributed to a well-developed porous structure. Comparing Figure 2B with Figure 2C , there is almost no visible change before and after the milder chemical modification, which is consistent with a previous study [20] . This indicates that the treatment did not significantly affect the porous structure of the coating layer. In order to provide quantified datum, the porosity of the coating layers and average pore size of the separators were examined (Table 1) . Compared with the porosity of the PE separator, the porosity of the PTFE coating layers was observed to be about 65% due to the homogeneous alignment of the PTFE nanoparticles. The average pore size of the PTFE-coated separator was about 40 nm. The above results confirm that the PTFE coating layers allow for the development of a porous structure. During the modification reaction, the H 2 O 2 /H 2 SO 4 solution attacks the C-F bonds of PTFE, which induces a defluorinated reaction. Meanwhile, the bond formation between the introduced hydroxy groups and carbon occurs. In order to further verify the structural variation of the PTFE coating layer before and after the chemical modification, FT-IR measurements of the PTFE-coated separator and trPTFE-coated separator were obtained between 3500 and 500 cm −1 , as shown in Figure 3 . Due to the presence of the coating layer, the characteristic peak of PE completely disappears. It can be seen that the PTFE-coated separator shows the typical absorption bands of C-F bonds in the region of 1300 to 1100 cm −1 . In addition to the C-F bands, the trPTFE-coated separator shows a new broad absorption band between 3500 and 3300 cm −1 . Based on the previous study [20] , this band belongs to the OH group, owing to the milder chemical modification. This change is expected to obviously enhance the electrolyte affinity of the trPTFE-coated separator. During the modification reaction, the H2O2/H2SO4 solution attacks the C-F bonds of PTFE, which induces a defluorinated reaction. Meanwhile, the bond formation between the introduced hydroxy groups and carbon occurs. In order to further verify the structural variation of the PTFE coating layer before and after the chemical modification, FT-IR measurements of the PTFE-coated separator and trPTFE-coated separator were obtained between 3500 and 500 cm −1 , as shown in Figure 3 . Due to the presence of the coating layer, the characteristic peak of PE completely disappears. It can be seen that the PTFE-coated separator shows the typical absorption bands of C-F bonds in the region of 1300 to 1100 cm −1 . In addition to the C-F bands, the trPTFE-coated separator shows a new broad absorption band between 3500 and 3300 cm −1 . Based on the previous study [20] , this band belongs to the OH group, owing to the milder chemical modification. This change is expected to obviously enhance the electrolyte affinity of the trPTFE-coated separator. FT-IR spectra of the PE separator, the PTFE-coated separator, and the trPTFE-coated separator.
The wetting behavior of the separators was investigated using a liquid electrolyte absorption test. The corresponding static electrolyte contact angle is shown in Figure 4 and also listed in Table 1 . As can be seen in Figure 4 , the liquid droplet remained steady on the PE separator for a few minutes, and the PTFE-coated separator was hardly wetted by the liquid electrolyte due to the strong hydrophobicity of the unmodified PTFE layer. In contrast, the trPTFE-coated separator soaked up a portion of the electrolyte immediately, where the electrolyte droplet could easily spread over surrounding area. Because the separator pores were filled with the electrolyte, the trPTFE-coated The wetting behavior of the separators was investigated using a liquid electrolyte absorption test. The corresponding static electrolyte contact angle is shown in Figure 4 and also listed in Table 1 . As can be seen in Figure 4 , the liquid droplet remained steady on the PE separator for a few minutes, and the PTFE-coated separator was hardly wetted by the liquid electrolyte due to the strong hydrophobicity of the unmodified PTFE layer. In contrast, the trPTFE-coated separator soaked up a portion of the electrolyte immediately, where the electrolyte droplet could easily spread over surrounding area. Because the separator pores were filled with the electrolyte, the trPTFE-coated separator became partly transparent. The static electrolyte contact angle test results were similar to the electrolyte absorption test. In comparison with the contact angle (43.4 • ) of the PE separator, that of the PTFE-coated separator was observed to be 48.5 • , while the contact angle of the trPTFE-coated separator was significantly decreased to 33.4
• . These results demonstrate that the improvement in the electrolyte wettability of the trPTFE-coated separator is remarkable, owing to the milder chemical modification. This result also verifies the change in the surface groups of the PTFE coating layer before and after the modification, as mentioned in Figure 3 . The electrolyte uptake is a more straightforward parameter of wettability for separators used in batteries. The electrolyte uptake of the trPTFE-coated separator was more than 190%, which was clearly higher than that of the PE separator and that of the PTFE-coated separator (Table 1) . It can be concluded that the trPTFE-coated separator exhibited outstanding electrolyte wettability, owing to its well-defined porous structure and its surface hydrophilicity, as verified above.
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Figure 7. C-rate capability of the cells with (A) the PE separator and (B) the trPTFE-coated separator at 0.5 C, 1 C, 2 C, and 4 C. Figure 8A depicts the cyclability of the cells with the PE separator and the trPTFE-coated separator as a function of the cycle number. Both separators exhibited relatively stable coulombic efficiency. For the PE separator, its coulombic efficiency was only 76.1% when a current density of 0.5 C was used for both the charge and discharge processes, and then, its coulombic efficiency steeply increased to about 99.6% in the subsequent cycles. The trPTFE-coated separator showed a higher first coulombic efficiency (83.5%), though it had a similar tendency with respect to its coulombic efficiency, which may be attributed to its favorable electrolyte affinity. The discharge capacity of both cells decreased slightly with cycling, which may be ascribed to little change in internal impedance [1, 25] , and the discharge capacity of the trPTFE-coated separator appeared to be slightly higher than that of the PE separator up to 100 cycles. The capacity retention after the 100th cycle was found to be 97% for the trPTFE-coated separator and 91% for the PE separator, respectively. The excellent cyclability can be explained by previous studies [26, 27] . The trPTFE-coated separator had superior wettability than the hydrophobic PE separator alone, which contributed to sufficient contact with the electrolyte during cycling. Moreover, the electrochemical impedance spectra of the cells after the 5th and 100th cycle were analyzed to evaluate the cyclability in this study, as shown in Figure 8B ,C. The EIS (electrochemical impedance spectroscopy) data can be fitted by an equivalent circuit shown in the inset of Figure 8B ,C. The Rb is the bulk resistance of the cell, which reflects the electric conductivity of the electrolyte, separator, and electrodes; Rsei and Csei are the resistance and capacitance of the solid-state interface layer formed on the surface of the electrodes, respectively; Rct and Cdl are the charge-transfer resistance and its relative double-layer Figure 8A depicts the cyclability of the cells with the PE separator and the trPTFE-coated separator as a function of the cycle number. Both separators exhibited relatively stable coulombic efficiency. For the PE separator, its coulombic efficiency was only 76.1% when a current density of 0.5 C was used for both the charge and discharge processes, and then, its coulombic efficiency steeply increased to about 99.6% in the subsequent cycles. The trPTFE-coated separator showed a higher first coulombic efficiency (83.5%), though it had a similar tendency with respect to its coulombic efficiency, which may be attributed to its favorable electrolyte affinity. The discharge capacity of both cells decreased slightly with cycling, which may be ascribed to little change in internal impedance [1, 25] , and the discharge capacity of the trPTFE-coated separator appeared to be slightly higher than that of the PE separator up to 100 cycles. The capacity retention after the 100th cycle was found to be 97% for the trPTFE-coated separator and 91% for the PE separator, respectively. The excellent cyclability can be explained by previous studies [26, 27] . The trPTFE-coated separator had superior wettability than the hydrophobic PE separator alone, which contributed to sufficient contact with the electrolyte during cycling. Moreover, the electrochemical impedance spectra of the cells after the 5th and 100th cycle were analyzed to evaluate the cyclability in this study, as shown in Figure 8B ,C. The EIS (electrochemical impedance spectroscopy) data can be fitted by an equivalent circuit shown in the inset of Figure 8B ,C. The R b is the bulk resistance of the cell, which reflects the electric conductivity of the electrolyte, separator, and electrodes; R sei and C sei are the resistance and capacitance of the solid-state interface layer formed on the surface of the electrodes, respectively; R ct and C dl are the charge-transfer resistance and its relative double-layer capacitance, respectively; and W is the Warburg impedance related to a combination of the diffusional effects of the lithium ion on the interface. The main parameters obtained by fitting the Nyquist plots are listed in Table 2 . The impedance of the cell assembled with the PE separator significantly increased after the 100th cycle, which had a negative influence on cell capacity. In comparison with the PE separator, the trPTFE-coated separator only increased a little in the cell impedance. This suppressed growth in the cell impedance may be attributed to its high electrolyte uptake in the cell during cycling, which confirms again the above conclusion.
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Conclusions
A novel self-binding PTFE-coated separator was successfully prepared by coating PTFE particles on both sides of a porous PE separator using a dilute PTFE suspension. Then, the hydrophobicity of the composite separator was modified by a H2O2/H2SO4 solution, which was attributed with the introduction of OH groups on the surface of the coating layer. The coating layer, consisting of close-packed PTFE particles, possessed a highly ordered nano-porous structure (trPTFE coating porosity 66%) and excellent electrolyte uptake (190.6%), which resulted in considerable ionic conductivity (almost four times higher than that of the PE separator). Due to the presence of the high-melting point PTFE particles (332.7 °C), the composite separator exhibited good thermal stability. Li-ion cells composed of a LiFePO4 cathode, a Li anode, and the composite separator were assembled. The discharge capacity of the trPTFE-coated separator appeared to be higher than that of the PE separator, especially at higher discharge currents. The discharge C-rate capacity of the trPTFE-coated separator was 104.2 mAh/g at 4.0 C, which was much higher than that of the PE separator (94.5 mAh/g at 4.0 C). Owing to sufficient contact between the electrolyte and the composite separator during cycling, the cell showed good cyclability. After 100 cycles, the PTFE coating layer was still stable and hardly dissolved in the cell. 
A novel self-binding PTFE-coated separator was successfully prepared by coating PTFE particles on both sides of a porous PE separator using a dilute PTFE suspension. Then, the hydrophobicity of the composite separator was modified by a H 2 O 2 /H 2 SO 4 solution, which was attributed with the introduction of OH groups on the surface of the coating layer. The coating layer, consisting of close-packed PTFE particles, possessed a highly ordered nano-porous structure (trPTFE coating porosity 66%) and excellent electrolyte uptake (190.6%), which resulted in considerable ionic conductivity (almost four times higher than that of the PE separator). Due to the presence of the high-melting point PTFE particles (332.7 • C), the composite separator exhibited good thermal stability. Li-ion cells composed of a LiFePO 4 cathode, a Li anode, and the composite separator were assembled. The discharge capacity of the trPTFE-coated separator appeared to be higher than that of the PE separator, especially at higher discharge currents. The discharge C-rate capacity of the trPTFE-coated separator was 104.2 mAh/g at 4.0 C, which was much higher than that of the PE separator (94.5 mAh/g at 4.0 C). Owing to sufficient contact between the electrolyte and the composite separator during cycling, the cell showed good cyclability. After 100 cycles, the PTFE coating layer was still stable and hardly dissolved in the cell. 
